Perovskite solar cells have attracted significant attention due to their high efficiency and low cost. In the research on methylammonium lead-iodide (CH 3 NH 3 PbI 3 ), a lot of work has been devoted to optimize the film morphology and crystallinity resulting in an enhancement of the power conversion efficiency (PCE). A good surface coverage and uniform perovskite films are highly desirable along with a smooth and pinhole-free contact between the hole and electron extraction layers.
Introduction
Today, methylammonium lead halide perovskite (CH 3 NH 3 PbI 3 ) is one of the most extensively studied photovoltaic materials for high performance, low-temperature solution-processable perovskite solar cells. Perovskite solar cells offer copious advantages over existing technologies namely ambipolar charge transport property, wide range light absorption with high extinction coefficients and long electron-hole diffusion length. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Perovskite technology started in 2009 when Miyasaka et al. constructed a dye-sensitized solar cell employing a mesoporous titanium dioxide (TiO 2 ) electron transport layer (ETL) and CH 3 NH 3 PbI 3 as a light absorber.
2 Since 2009, huge progress has been reported mainly via device and interface engineering in the mesoporous conguration. In parallel, a planar heterojunction conguration has also been developed as the most straightforward structure getting rid of the mesoporous metal oxide. 10 Both n-i-p and p-i-n structures have been then further optimized owing to the ambipolar property of the perovskite. 8 Despite a simple fabrication process, n-i-p based CH 3 NH 3 PbI 3 planar devices sandwiched between TiO 2 and HTL encountered a serious hysteresis issue compared to their counterpart p-i-n based devices. p-i-n based CH 3 NH 3 PbI 3 planar devices show reduced current hysteresis mainly due to the balanced hole and electron diffusion length in CH 3 NH 3 PbI 3 .
1-14 However, despite signicant advancements made to date, the performance of p-i-n CH 3 NH 3 PbI 3 based solar cells usually employing poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) or nickel oxide (NiO) is still far behind that of n-i-p CH 3 NH 3 PbI 3 based solar cells. The main concern is the ability to control the perovskite crystallization process, and subsequently lm formation and quality. Film morphology has a direct impact on device performance affecting charge trapping, recombination, transport, and extraction pathways. [15] [16] [17] [18] In general, the crystal nucleation and lm growth depend on various factors such as deposition temperature, selection of solvent, precursor composition, solution concentration and interfacial energy. For instance, several groups had previously reported on the benecial effect of the pre-deposition of PbI 2 from solution onto mesoporous TiO 2 to improve perovskite thin lm crystallinity due to 9 improved perovskite nucleation at the mesoporous TiO 2 surface. Moreover, Snaith et al. also reported that perovskite crystallization rate can be controlled by varying precursor composition. 5, 12, 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] For instance, in the case of CH 3 NH 3 PbI 3 the crystallization is further prolonged by partially replacing I À with Cl À due to the lattice distortion caused by the Cl À ion.
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In this work, we demonstrate a facile and attractive route to enhance the crystallization and grain size of the perovskite absorber, and subsequently improve the performances of perovskite solar cells. We found that the crystallization rate of perovskite can be effectively tuned by integrating insulating polystyrene (PS) into its precursor solution to modulate lm growth and formation. A relatively small amount of PS incorporation in the range of 1.5 to 4.5 wt% by weight relative to the perovskite precursor solution was used to increase the grain size as well as to avoid the pinholes without sacricing desirable device performance. We found that the presence of PS increases grain size by adjusting the kinetics of crystal growth. In addition, we found that incorporating PS into the perovskite layer improves macroscopic lm uniformity, and decreases pinhole or defect formation. As a result, the surface morphology of the perovskite layer blended with 3.0 wt% PS displays high quality lm with a homogeneous, uniform, smoother, and continuous surface. The large grain size and homogeneity achieved with the integration of optimal PS resulted in moderate PCE of $13.3% in planar-heterojunction perovskite solar cells.
In this work, we have employed a conventional p-i-n heterojunction architecture made of ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 / PC 60 BM/Al (Fig. 1a) . We chose a conventional p-i-n congura-tion due to its low-temperature solution processability because compact TiO 2 required high temperature annealing treatment ($450 C). This conguration also provides effective charge transfer between the interfaces of PEDOT:PSS/PC 60 BM and perovskite absorber layer, with efficient charge dissociation and extraction. All information in terms of perovskite solution preparation, deposition of the perovskite absorber layer, and the construction of devices can be found in the Experimental section. Fig. 1b shows energy alignment for all materials used in this work, 31b and Fig. 1c shows the molecular structures of CH 3 NH 3 PbI 3 and PS.
Bazan et al. previously reported that inserting a highmolecular-weight PS (2 Â 10 7 M) could increase the organic photovoltaic (OPV) performance by favoring the crystallization of p-DTS(FBTTh 2 ) 2 , and enhancing the phase separation.
32
Motivated by this nding, we aim at understanding if the PS can have a similar role in the crystallization of the perovskite absorber layer and device performance. Prior to the lm deposition, the PS is blended into the CH 3 NH 3 PbI 3 precursor solution. Current density-voltage (J-V) plots under one sun, and external quantum efficiency (EQE) spectra are depicted in Fig. 2a and b absorber layers was xed at $300 nm to allow direct comparison with a perovskite system of the same dimensions. As illustrated in Table 1 and Fig. 2 , incorporation of 1.5 wt% PS enhanced both J SC and FF, leading to a PCE improvement of about 13%, which is a positive impression in view of the integration of an insulating component into the perovskite precursor solution. Approximately $10% improvement in J SC is observed. This superior performance of the device incorporating the insulating PS is in agreement with the previously demonstrated work.
Moreover, by incorporating 1.5% PS into the perovskite system, a decrease of 1 order of magnitude in the leakage is detected (Fig. S1 †) . With the increase of PS amount from 1.5 wt% to 3.0 wt%, further improvement of conversion efficiency was found with the average device exhibiting a PCE of 13.3% with a J SC of 19.2 mA cm À2 , a V OC of 0.95 V, and a FF of 71.8%. The increase of photocurrent density is possibly associated with the increased absorption as shown in Fig. 1d . Moreover, plots of J SC as a function of PS composition for all four systems discussed here can be found in Fig. S2 , † with current improving steadily with increase in the amount of PS before it plunges as the amount exceeds a certain threshold. The signicant enhancement can be ascribed to the reduced pinholes resulting from improved crystallinity with preferred orientation, and larger grain size, which subsequently enhanced charge dissociation and transport due to suppressed defect-assisted charge recombination, as we will demonstrate in the following. On further increase of the content of PS exceeding 3.0 wt%, the solar cell parameter namely PCE drastically decreased to 10.8% along with a J SC of 15 mA cm À2 , a V OC of 0.97 V, and a FF of 73.5%. The poor performance with PCE of 10.8% can be attributed to the comparable leakage current (with the cell without PS). The external quantum efficiency (EQE) shown in Fig. 2b veries the improved J SC of the fabricated devices, in which the integral photocurrent densities deduced from EQE plots are consistent with the experimental values (see Table 1 ). To ensure the reproducibility and validity of our data, we have fabricated 48 samples of which 56% reached PCE over 12% (Fig. S3 †) . We attribute the decrease in leakage current to the presence of PS in the perovskite system, which seems to improve the perovskite lm properties remarkably. To verify this assumption, we analyzed the dewetting properties in all cases, where a remarkable number of dewetting points were observed on the absorber layer deposited onto the PEDOT:PSS layer. The number of dewetting points slightly reduced upon loading of 1.5 wt% PS into the perovskite precursor solution. A notable feature was observed during the integration of 3.0 wt% PS, where the number of dewetting points is reduced by more than half compared to the pristine perovskite solution. A decrease in dewetting points results in a homogeneous lm featuring larger grain size and defect-free morphology (Fig. 4c) . However, further increment of the proportion of PS up to 4.5 wt% results in a slight increment of dewetting points, which one could associate with the larger and merged grain size, which unfortunately results in a decrease in the device performance. Concerning the effect of PS on the viscosity of the solution, no signicant changes were observed. Thus, one can clearly conclude that the solution undergoes wetting very well. Next we conducted atomic force microscopy (AFM) measurements to verify the root-mean-square (RMS) roughness and the average peak valley roughness (PV) ( Table 2 ). As can be seen from the images, the root-mean-square (RMS) roughness for pristine perovskite is around 10.4 nm with the peak-to-valley roughness (PV) being approximately 106 nm, which is relatively small compared to those in other solution processed perovskite lms. 33 However, the lm has a small crystallite size with an average size of 200 nm (Fig. 4a ), which will inevitably increase grain boundary density and limit device performance. Further decrement in the RMS and PV roughness was found upon the incorporation of 3.0 wt% of PS into the perovskite precursor solution, where the RMS and PV roughness were 9.28 nm and 77 nm, respectively. It is worth noting that there is a lack of pinholes for 3.0 wt% PS-derived thin lm as compared with lms of pristine CH 3 NH 3 PbI 3 and 1.5 wt% PS. However, when the threshold amount of PS loading exceeded 3.0%, these values undesirably increased again, even surpassing the value of pristine perovskite. Larger pinholes were detected with 4.5 wt% PS incorporation into the perovskite precursor solution, resulting in decreased surface coverage, which caused leakage current (Fig. S1 †) . The signicant increase of RMS roughness for 4.5 wt% PS can be attributed to the large pinholes. These ndings are consistent with the values obtained from conductive AFM (Fig. 3a-d right panels) . These observations indicate that an optimum PS amount is required to demonstrate lower roughness. However, excessive amount of PS leads to signi-cantly higher RMS roughness and PV roughness, which subsequently inuence the device performance. These observations also show that a decrease in the surface roughness results in a decrease in the number and size of dewetting points. It is safe to conclude that an optimum amount of PS is required to generate large grain size with lower RMS roughness. Even though the grain size further increased for 4.5 wt% PS, the RMS roughness signicantly increased.
A series of conducting AFM measurements provide additional information on the electronic properties (conducting paths along grains and grain boundaries) of the perovskite thin lm. We performed the cAFM measurements under high vacuum and dark conditions to avoid any inuences from light and moisture with a constant voltage of 0.5 V applied to the CH 3 NH 3 PbI 3 perovskite thin lms via a conducting Pt-Ir-coated AFM tip. In the cAFM measurements, the measured current is related to the conductivity of the perovskite thin lms between the AFM tip and the substrate. If the bias is negative, the very small current that transports through the perovskite thin lm can be measured regardless of whether the illumination is applied or not. This is due to the one-way transport property of CH 3 NH 3 PbI 3 owing to the presence of the electron-blocking PEDOT:PSS layer. Meanwhile, the current can be measured when a positive bias is applied. The current increases as the bias increases. It is worth noticing that the obtained current under illumination is remarkably higher compared to the current under dark conditions. This is because the illumination facilitates a considerable conductivity improvement by generating copious charges. The current maps (Fig. 3a-d right panels) demonstrate an inhomogeneous distribution of differently conducting regimes. Even though the maximum current of the pristine perovskite thin lm was lower compared to that of perovskite with 1.5 wt%, and 3.0 wt% loaded PS, still the pristine perovskite thin lm illustrates conducting paths along grain boundaries. The perovskite precursor solution incorporated with 1.5 wt% PS featuring an average grain size of approximately 300 to 400 nm produced a current of 42.42 pA. The striking increase in the maximum current can be attributed to the surface with fewer pinholes, along with larger grain size compared to the pristine perovskite thin lm.
The maximum current value increased to 43.64 pA upon loading the perovskite precursor solution with 3.0 wt% PS. The enhancement in the maximum current can be attributed to the large grain size, almost pinhole-free morphology, and high quality crystallite morphology. However, the maximum current decreased notably upon incorporating 4.5 wt% PS. This is due to the fact that the thin lm demonstrated larger pinholes and less homogeneous morphology. The decreased maximum current also contributed to the total leakage current in the fabricated perovskite device with 4.5 wt% PS. The observed results indicate that the electrical conductivity of perovskite loaded PS increased with the amount of PS. This could be ascribed to the Table 2 AFM and conductive-AFM parameters including root-mean-square roughness (R q ), peak-to-valley roughness (R q-v ), and maximum current (C max ) at 0. J SC improvement achieved for the fabricated devices. We further verify our observations with XRD measurements (discussed below). The cAFM observations also indicate inhomogeneous current spots associated with the deposited thin lm's nanostructure being inuenced by the lm's composition as a result of a stoichiometry-affected nucleation and crystallization behavior. From cAFM measurements, we conclude that the perovskite precursor solution loaded with PS is more conductive than pristine perovskite solution. It is common knowledge that the performance of perovskite solar cells is related to the crystallinity of the deposited perovskite thin lm. This is due to the fact that defects in the perovskite layer eventually cause shorts, and charge carrier trapping and recombination sites. Furthermore, charge dissociation efficiency, charge transport, and diffusion length are greatly inuenced by the crystallinity and crystal size.
12,21 Fig. 4 presents the scanning electron microscopy (SEM) images to examine the inuence of PS on the perovskite system with perovskite thin lms of different PS loadings. One can see that pristine perovskite demonstrates smaller grain size <200 nm with obvious pinholes distributed throughout the surface. Upon incorporating 1.5 wt% PS, the grain size becomes bigger (between 300 and 400 nm) with better surface coverage and less roughness. More regular crystallite morphology with fewer pinholes can be observed in Fig. 4c upon addition of 3.0 wt% PS to the perovskite precursor solution. The optimized loading of PS in the perovskite precursor solution was found to be 3.0 wt%, which provides us with the high J SC (19.2 mA cm À2 ) and FF (71.8%). The high J SC and FF indicate the effective light harvesting of the perovskite absorber layer as well as efficient charge extraction and transport, respectively. Despite some positive inuences utilizing PS in the perovskite precursor, it also offers a negative effect on charge separation, which might contribute to the reduction in photocurrent generation at higher loading (4.5 wt%). Exceeding the threshold loading of PS prepared from 4.5 wt% PS (Fig. 4d ) depicted a huge grain size (>1000 nm) with less surface coverage, and fewer crystallites compared to that of the surface topography in Fig. 4c . In addition to the top view SEM, Fig. 4e -h demonstrate crosssectional SEM for all four cases, where one can clearly see that the incorporation of 3.0 wt% of PS leads to desirable continuous morphology. One can also see that loading perovskite precursor solution with 4.5 wt% PS not only enlarged the grain size but also produced an uneven perovskite thin lm. Several big "humps" can be found on the lm deposited onto the PEDOT:PSS layer.
The improved crystallization of CH 3 NH 3 PbI 3 by PS is also veried by X-ray diffraction patterns as shown in Fig. 5 (right  panel) . From the absorption spectra it is observed that the perovskite precursor solution with 3.0 wt% of PS demonstrates enhanced light absorption across the visible regime. This trend is in agreement with the observed EQE spectra (Fig. 2b) . Further verication of the improved crystallinity of CH 3 NH 3 PbI 3 loaded with 3.0 wt% PS can be done from the XRD patterns depicted in Fig. 5 (right On a closer look, the closely stacked XRD diffraction patterns demonstrated in Fig. S4 † also conrmed the intense peaks at 14.1 and 28.2 aer PS incorporation. The integration of PS greatly favors the preferential crystal growth along (110) and (220) directions, resulting in improved crystallinity of the perovskite lm. We further characterized the lm derived from different loadings of PS by XRD diffraction patterns as shown in Fig. 5 (le panel). In the pristine perovskite thin lm, smaller grain size with random crystal orientation is found because of the fast crystallization of the precursor lm. Upon solvent annealing, faster grain growth and merging of grains were found (Fig. 5 red (without PS) and blue panels (with 6 wt% PS)). In the XRD patterns red and blue panels illustrate the rapid diffraction intensities of (100) and (220) peaks during this process, suggesting the grain growth with preferred orientation. Further loading with 4.5 wt% PS dramatically changes the surface morphology (Fig. 3d, and 4d and h) , which corresponds to the device performance. Finally, the observation of enhanced crystallization from XRD patterns in the perovskite loaded with PS is in accordance with the absorbance spectra, SEM and AFM images, and J-V curves.
The effect of the introduction of PS in the perovskite device is further monitored by time resolved photoluminescence (PL). The PL is monitored at 770 nm upon excitation at 460 nm in the rst 40 ns temporal window. Fig. 6 shows the PL decay for all four cases. For the perovskite thin lm without PS, the PL shows fast and slow decay components with lifetimes of 1.44 AE 0.06 ns and 13.80 AE 0.21 ns, respectively. The weight fractions derived from the exponential tting are 81% and 19%, respectively. Since the perovskite lm is deposited on the PEDOT:PSS substrate the fast component might be related to charge transfer to the substrate while the long living one, extending out of our temporal window, is what is usually observed.
9b,9c Note that in the uence regime used, a charge density of approximately 10 17 is created. At this excitation density, traps are lled and the emission is mainly due to band to band charge recombination. The integration of 1.5 wt% PS in the perovskite precursor solution slightly increases the fast decay lifetime to 1.60 AE 0.04 ns while improving the weight fraction to 85%.
In the perovskite solution with 3.0 wt% of PS the fast decay lifetime reduces to 1.42 AE 0.02 ns before increasing back to 2.36 AE 0.07 ns upon incorporating 4.5 wt% PS. This suggests a slight improvement of charge transfer to the PEDOT:PSS/perovskite interface. This can be due to the better interfacial contact and improved lm morphology. This value also supports our early ndings that the high J SC and FF in the device constructed with 3.0 wt% PS can be attributed to the improved charge injection and collection due to the better morphology and crystal quality of the perovskite matrix. However, the decrease in weight fraction value from 90% to 83% upon 4.5 wt% PS loading corresponds to ineffective charge dissociation and transport to the PEDOT:PSS and PC 60 BM layers. However, we cannot exclude that PS can partially ll shallow trap defects, too. To date, the hysteresis between forward and reverse J-V scans is attributed to the slow response time of the cell to a change in load, and the mechanism, although yet to be well understood, has been discussed in recent studies. 34, 35 Fig. 7 shows the hysteresis behavior for our fabricated perovskite solar cells with and without PS. Among all systems, the constructed device without PS demonstrated severe hysteresis characteristics. Meanwhile, Fig. 7c shows the J-V curves for the best constructed devices loaded in 3.0 wt% PS measured under AM1.5G (100 mW cm We found that the current hysteresis becomes more obvious as the grain size decreases. For the 200 nm grains current remains unchanged; however, the FF at RS is lower compared with the FS case. Relatively little difference in FF between FS and RS is demonstrated, even for a slight increase in size from 600 nm to 1000 nm. Because the prominent feature in the J-V hysteresis appears near open-circuit conditions, a modied J-V hysteresis index 36 is dened by eqn (1):
where J RS (0.8V OC ) and J FS (0.8V OC ) represent photocurrent density at 80% of V OC for the RS and FS, respectively. In Table 1 Fig. 8 . The encapsulated perovskite solar cells based on 3.0 wt% PS illustrate remarkably better air stability. The conversion efficiency remains above 80% of the original value even aer storage in air for 60 days, compared to the conversion efficiency of the perovskite device without PS which deteriorated by almost 30% aer air exposure for 60 days. A notable feature is that all devices incorporated with PS maintained their PCE above 80% aer 60 days of exposure. The stability of devices with PS stems from the insulating properties of PS against oxygen and moisture, which reduces the decomposition probability of MAPbI 3 perovskite lms. From this point of view, the integration of PS in perovskite precursor solution results in signicant improvement in air stability. It should be noted that improved stability has also been previously demonstrated by Zhang et al., 28 by inserting an ultrathin Al 2 O 3 layer at the ZnO/perovskite interface. They achieved a slightly higher device performance compared to our work due to the difference in device architecture and the main difference could be due to the fact that we have incorporated PS into the perovskite layer while they inserted an Al 2 O 3 layer in between ZnO and perovskite.
Conclusion
In summary, we have presented a notably improved PCE ($13.7%) of planar-heterojunction perovskite solar cells from 11.7% up to 13.3% by integrating 3.0 wt% insulating polystyrene into the perovskite precursor solutions to enhance the crystallization of perovskite thin lms. We demonstrated that integrating polystyrene facilitates uniform nucleation, as veried by SEM and AFM images, and absorbance and XRD spectra. The improved crystallization facilitates efficient charge transfer between the active interface and the perovskite layer. Subsequently, a moderate PCE was obtained from the device fabricated by the sub-100 C solution process. We envisage that other device congurations may benet from this approach in so far as lm thickness control is concerned.
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